In the past few years, the interest to collider searches for direct dark matter (DM) production has been growing exponentially. A variety of "Mono-X" signatures have been considered, where X stands for a probe particle recoiling against DM particles, which allows for the event to be triggerable. So far, the analysis of these signatures has been largely carried out in the framework of effective field theory (EFT), which allows for a comparison of the collider searches with searches in direct detection experiments. Unfortunately, as it has been recently pointed out by a number of authors, the EFT approach has severe limitations and may result in drastically underestimated or overestimated reach. I'll discuss these limitations and the new ideas in interpreting the collider searches for DM.
Introduction
Effective field theory (EFT) has been an important tool to study various processes where a detailed description of the interaction and its carrier is either unknown or model-dependent. The EFT is used to parameterize our ignorance of the fine details of the process and has been successfully applied to a number of cases, including Fermi's model of muon decay and searches for compositeness. It is therefore logical that the original theoretical papers 1,2,3 that proposed the initial-state radiation (ISR) tagging to detect dark matter production (DM) at colliders, relied on the EFT description of the scattering process in order to allow for a comparison of the sensitivity of these searches with that for direct detection (DD) experiments. A classical example of such a collider process is production of a single jet recoiling against a pair of DM particles that escape the detection, resulting in a spectacular "monojet" signature. Similar, "monophoton" signature is also possible in the case of a photon ISR.
Unfortunately, as has been realized recently, the use of EFT in this particular case is subject of a number of explicit and implicit assumptions, and important constraints, which severely limit the applicability of the EFT approach, sometimes to the point when it becomes all but useless. In this particular application, the EFT often fails in all three possible ways:
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The Feynman diagrams for DM pair production with ISR of a photon or jet, for a model with scalar exchange (left panel) and its e↵ective operator (right panel). We omitted the diagrams where the radiation is emitted from the anti-quark.
operator has dimension six
and the matching condition implies 1
The Feynman diagrams for the processes under consideration are depicted in Fig. 1 . The processes where a quark-jet is emitted from an initial gluon also contribute to the signal, but are suppressed by a factor of about 4 at 8 TeV LHC with respect to the gluon emission, and for simplicity we will not consider them in this paper. The procedure of integrating out the heavy mediator and retaining the operator of lowest dimension can be viewed in terms of the expansion of the heavy particle propagator 1
where only the leading term 1/M 2 is kept. The higher-order terms in the expansion correspond to higher-dimensional operators. It is obvious that retaining only the lowest-dimensional operator is a good approximation as long as Q 2 tr ⌧ M 2 ⇠ ⇤ 2 . Thus, the parameter Q tr /M characterizes the goodness of the truncation of the tower of e↵ective operators to the lowest dimensional ones.
For the couplings to stay in the perturbative regime, one needs g q , g < 4⇡ (see Ref.
[31] for an alternative criterion based on unitarity). Also, we need a mediator heavier than the DM particle
which depends linearly on the DM mass. This is a very minimal requirement on ⇤ and it is what, for instance, ATLAS uses in Ref. [6] . On top of this condition, the validity of the truncation to the lowest order in the expansion (2.5) requires that
which depends on m DM through Q tr and refines the condition (2.1). Furthermore, assuming schannel momentum transfer, kinematics imposes Q tr > 2m DM so from Eq. (2.7) "contraction" of the s-channel mediator exchange diagram for the monojet or monophoton production into an EFT four-point interaction.
• As an "F" -sometimes not even dealing with realistic fields; and
• As a "T" -not even holding as a viable theory.
The goal of these proceedings is to illustrate the limitations of the EFT approach and discuss more constructive ways of comparing the DM reach of collider experiments with that of the DD experiments, and potentially also with the reach of indirect detection experiments. Such a proper comparison would become particularly important if a significant excess in any of these experiments is seen.
EFT formalism and assumptions
Collider experiments are capable of setting limits on production cross section of DM particles in ISR-triggered processes, e.g. production of monojets 4,5 . These limits only require theoretical calculations, which properly describe the ISR process. While next-to-leading-order calculations are available for many such processes, often leading-order precision with an extra jet emission included in the matrix elements, suffices, making it relatively easy to calculate collider cross sections. The real issue comes when collider limits are being translated into limits on DM-nucleon scattering cross section, which is the variable used by DD experiments to represent their results. Note that fundamentally the process responsible for pair production of DM particles at colliders is the same as for the DM-nucleon scattering, or annihilation of a pair of DM particles used in indirect detection experiments. Assuming that the former process is mediated via an s-channel exchange of a certain particle, which we will refer to as the "mediator", the process is completely described by four parameters: the masses of the DM particle (m) and the mediator (M ), and the two couplings of the mediator to quarks (g q ) and DM particles (g χ ), see Fig. 1 (left). (A similar diagram can be drawn to describe collider DM pair production via a t-channel exchange of a mediator, with the caveat that in this case the mediator must be a colored particle.) In order to compare the s-channel collider process with the t-channel DM-nucleon scattering, we "contract" the s-channel exchange in the EFT four-point interaction vertex, as shown in Fig. 1  (right) , which then can be used to describe both. In order to perform this contraction we move from three fundamental parameters M , g q , and g χ to a single parameter Λ, the EFT cutoff, thus losing the full information about the underlying process, which is an inherent feature of the EFT approach.
One can now directly equate the amplitude squared of the s-channel exchange in the limit of a heavy mediator (M 2 q 2 in the event) with the one from the effective four-point interaction, which for, e.g. a mediator with scalar couplings, yields:
leading to a crucial expression:
The EFT approach is strictly valid for q 2 M 2 , which implies (from the kinematics of the s-channel exchange) M 2 > (2m) 2 . Furthermore, in order for theory to be calculable, each of the two mediator couplings has to be less than √ 4π. Combining these two inequalities with the expression for Λ, we obtain: 2m < M < Λ √ g q g χ < 4πΛ, or Λ > m 2π , which leads to an important conclusion that the validity region of the EFT grows when one deals with light DM. Similar validity regions in case of non-scalar couplings can be found, e.g. in Ref. 7 The case of light DM is particularly important for colliders as the sensitivity of DD experiments to light DM is reduced due to low-momentum recoil, and since for very light DM (m < 10 GeV), the DD experiments will soon reach the solar neutrino floor. Nevertheless, it's important to keep in mind that the above inequality really corresponds to the case when all the EFT assumptions break down spectacularly, and actual validity region really corresponds to Λ m 2π . The most tricky scenario is the case of a light mediator, for which EFT certainly fails. This case was explicitly studied in one of the early phenomenological papers on collider searches 8 , with an explicit use of the s-channel exchange diagram instead of the EFT approach. In this case, collider searches offer an increased sensitivity to the DM production as they can produce light mediator on-shell, and hence the production cross section receives a resonant enhancement. However, the problem with the approach taken in Ref. 8 is that it treats the mediator width as a free parameter, whereas one can't do this, as the width of the mediator depends on the g 2 q + g 2 χ , and if even one of the couplings approaches the √ 4π limit, the width becomes comparable to the mass of the mediator, independent on how small the other coupling is. Since a single-resonance exchange description stops being physically reasonable for mediators that broad, this seemingly correct approach can still give incorrect comparison with the DD experiments 9 .
Beyond the EFT
Given this situation, it is clear that EFT, while a convenient way to simplify the problem, has too many hidden caveats and simply does not allow for a fair comparison between the collider and DD experiments. The key to the proper comparison is to treat the problem as fundamentally four-dimensional and represent the reach of both the DD and collider experiments in various planes given by a pair of these parameters (e.g., M and m), with the other two (in this case g q and g χ ) being fixed to certain values, which can be scanned. In order to do this, one could use simplified models of DM, which assume certain type of couplings of the mediator to quarks and DM particles, e.g., vector or axial vector. Given that the number of such models is quite limited, one could rather easily span the relevant DM model space with just a handful of simplified models with s-channel or t-channel mediator exchange. Similar simplified model approach is successfully and broadly used in supersymmetry searches at the LHC. This is the approach advocated in the recent work 6,10 coming from the two groups of experimentalists and theorists (the first one generally affiliated with the CMS experiment, whereas the second one -with ATLAS). Both ATLAS and CMS are now transitioning to this approach to be used in the LHC Run 2.
Figure 2 (left) shows how the limits set using a simplified model with axial-vector couplings of the mediator to both DM particles and quarks compare with the limits from the EFT approach based on the CMS monojet analysis 4 , as well as with the limit from the LUX experiment 11 in the canonical plane of DM-nucleon scattering cross section vs. the DM particle mass. While for relatively large couplings g q = g χ = 1.45 the EFT results are close to those from the simplified problematic. For g q = g DM . 0.25 the 8 TeV CMS mono-jet search no longer has su cient sensitivity to place a significant limit on the parameter space. Figure 1 also shows the limit obtained from an interpretation of the mono-jet search in the framework of the EFT (green line). The EFT limits should agree with the MSDM limit in the domain where the EFT framework is valid. We see that it is only for the extreme coupling scenario g q = g DM = 1.45 that the EFT limit approximates the MSDM limit, and only for DM masses below around 300 GeV. For larger m DM the EFT fails to describe any of the coupling scenarios. For weaker couplings, the MSDM limits get stronger for DM masses below around 50 to 300 GeV, due to the resonant enhancement of the cross section for a s-channel mediator that was explained above. This e↵ect is absent within the EFT framework. The reach in DM mass of the MSDM limits increases with larger couplings. Overall, this comparison of the EFT and MSDM limits demonstrates again that the EFT framework is unable to capture all of the relevant kinematic properties of the collider searches, which is demonstrated by the large disparity between the EFT and MSDM limits. Comparing EFT collider limits with those of DD searches gives a misleading representation of the relative sensitivity of the two search strategies, especially for weaker coupling scenarios and m DM & 300 GeV.
Finally Figure 1 also shows the LUX limits for both interactions (red lines) and the spin-independent SuperCDMS limit (orange line). Whilst the comparison of the DD search result with the EFT collider limit is biased, a comparison with the MSDM limits from the LHC mono-jet analysis, which properly describes the kinematic properties of the collider search, represents a comparison of collider and DD experiments on an equal footing, estab--5 - Also shown are the projected limits from LZ and DARWIN assuming a 10 and 100 tonne year exposure respectively, and the projected spin-independent limits from SuperCDMS assuming a run with 108 Ge and 36 Si detectors at SNOLAB [48] . In the case of the spin-independent interactions, the SuperCDMS projection extends the sensitivity of DD experiments to lower values of m DM , so its inclusion provides a more complete comparison with the collider limits. Similar conclusions regarding the comparison between the MSDM and DD limits can be derived from projections in this plane. For spin-independent interactions, the MSDM model with a s-channel vector mediator adds additional sensitivity -7 - To conclude, the simplified model approach allows for a fair comparison of the DM reach of different types of experiments and provides a more clear and advantageous way to present the results of future collider searches.
